In this work, we use electron energy-loss spectroscopy to map the complete plasmonic spectrum of aluminum nanodisks with diameters ranging from 3 nm to 120 nm fabricated by highresolution electron-beam lithography. Our nanopatterning approach allows us to produce localized surface plasmon resonances across a wide spectral range spanning 2-8 eV.
In this work, we use electron energy-loss spectroscopy to map the complete plasmonic spectrum of aluminum nanodisks with diameters ranging from 3 nm to 120 nm fabricated by highresolution electron-beam lithography. Our nanopatterning approach allows us to produce localized surface plasmon resonances across a wide spectral range spanning 2-8 eV.
Electromagnetic simulations using the finite element method support the existence of dipolar, quadrupolar and hexapolar surface plasmon modes as well as centrosymmetric breathing modes depending on the location of the electron-beam excitation. In addition, we have developed an 2 approach using nanolithography that is capable of meV control over the energy and attosecond control over the lifetime of volume plasmons in these nanodisks. The precise measurement of volume plasmon lifetime may also provide an opportunity to probe and control the DC electrical conductivity of highly confined metallic nanostructures. Lastly, we show the strong influence of the nanodisk boundary in determining both the energy and lifetime of surface plasmons and volume plasmons locally across individual aluminum nanodisks, and we have compared these observations to similar effects produced by scaling the nanodisk diameter. High-energy plasmonic nanostructures resonant in the ultraviolet (UV) to vacuum ultraviolet (VUV) region of the spectrum offer routes to channel high-energy radiation into nanoscale volumes thus supporting enhancement of high-energy photochemical reaction pathways at targeted nanoscale locations. Plasmonic nanoparticles resonant at visible and near-infrared frequencies have been used to direct electromagnetic radiation into sub-wavelength volumes known as 'hot spots', lending these nanoparticles to applications in nanoengineered devices for spectroscopy, [1] [2] [3] [4] catalysis, 5,6 photodetectors, 7,8 sensors, 9-11 optoelectronics, 12,13 nano-optics, [14] [15] [16] photocathodes [17] [18] [19] and energy harvesting. 20, 21 Consequently, high-energy plasmonic nanoparticles may provide a route to extend the spectral range of these applications into the VUV, an energy range where simple gas-phase molecules such as CO, O 2 and H 2 O have electronic absorption bands 22, 23 and work functions in solids can be overcome producing reactive photoelectrons.
Plasmons in materials take one of two forms: (1) volume plasmons (VPs), which are high-energy longitudinal oscillations of conduction and valence band electrons that propagate through the bulk of a material; and (2) interface plasmons, which are collective oscillations of free electrons 3 at an interface. When an interface plasmon occurs at the surface of a material it is referred to as a surface plasmon (SP). SPs can adopt multiple forms, those being surface plasmon polaritons (SPPs), which are propagating SPs that exist at the interface between a metal and a dielectric, and localized surface plasmon resonances (LSPRs) that exist on sub-wavelength metallic nanoparticles.
Controlled engineering of LSPRs and VPs with energies greater than 5 eV has been limited to date, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] partly due to the fact that conventional plasmonic metals such as Au and Ag operate in the visible to near-infrared region of the spectrum, but also due to the requirement for fabrication and spectroscopic methods capable of sub-10-nm spatial resolution to control and characterize these higher energy plasmons. Consequently, the development of plasmonic systems and devices operating in the deep or vacuum UV has been inhibited. Plasmonic systems operating in the UV region of the spectrum would support advances in UV nano-optics for lithography, 35 photochemistry in the UV, 36 and plasmon-enhanced sensing and spectroscopy in the UV.
37,38
The VP energy (ħω p ) of Al is 15 eV and consequently it can theoretically support SPs with energies as high as 10.5 eV ℏ! ! ! at a planar boundary or 8.6 eV ℏ! ! ! on a spherical particle. 39 Moreover, Al is cheap and abundant in the earth's crust, making it a suitable candidate for lowcost plasmonic devices when integrated with a cost-effective patterning process. As a result, Al has been the subject of a number of investigations recently with the goal of developing plasmonic materials that are capable of enhancing light-matter interactions at UV to VUV wavelengths. 28, 29, 31, [40] [41] [42] [43] The production of Al nanostructures exhibiting high-energy SP modes to channel UV light into sub-wavelength regions requires flexible nanofabrication methods capable of producing sub-20-nm structures. High-resolution electron-beam lithography fulfills such 4 criteria and enables the fabrication of sub-20-nm nanostructures on a variety of substrates for device integration. [44] [45] [46] [47] [48] Our recent ability to nanofabricate structures at the sub-10-nm length scale 44, 45, 47, [49] [50] [51] suddenly presents the prospect of lithographically engineering structures for the modification of VP resonances, while simultaneously enabling the development of high-energy SPs. VPs constitute one of the major energy-loss avenues for charged-particle beams in matter. Moreover, the VP peak in Al has recently been exploited to measure temperature in an active microelectronic device on the nanometer length scale 48 emphasizing the importance of a full understanding of VP behavior in nanostructures. In our previous work, we outlined a detailed analysis of the VPmediated transfer of energy from an energetic electron beam to chemical transformations in thin films of an electron-beam-sensitive material. 49 We observed that VPs decay over distances of 1-10 nm, thus highlighting the importance of nanofabrication capabilities on the single-nanometer length scale.
Here we demonstrate control of both VP and LSPR energy and lifetime in Al nanodisks -as measured using scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) -by tuning the dimensions of nanodisks from the 100-nm-length scale to below 10 nm using electron-beam lithography. STEM systems equipped with EELS modules provide a route to study VPs and LSPRs with the requisite spatial (~ 1 nm) and energy resolution (~ 100 meV) needed to probe their behavior near interfaces and within sub-10-nm particles. [52] [53] [54] [55] [56] [57] Our approach combining high-resolution electron-beam lithography, STEM and EELS (see supporting information for details of fabrication, microscopy and spectroscopy) allowed us to control the VP relaxation time in the range of 500-750 as (attoseconds) and observe that the relaxation time increased with increasing nanodisk diameter. We have also observed an increase 5 in the energy of the Al VP resonance with decreasing nanodisk diameter as well as a blue shift in the VP peak as the excitation probe (a sub-nanometer-diameter electron beam) is brought to within 10 nm of the nanodisk perimeter. Models based on a non-local dielectric response, which were reported previously can describe both of these observations. 58, 59 Moreover, we also controlled the energy of SP excitations in the 2-8 eV range and have correlated the observed peaks in the SP spectra to specific plasmon modes by numerical modeling using the finite show experimentally measured and simulated EEL spectra respectively for the case where the electron beam is placed at the center of the 110-nm-diameter nanodisk. The measured spectrum in figure 2c clearly shows energy loss at higher energies than observed when the beam was placed at the boundary (figure 2a). The simulated spectrum in figure 2d supports the presence of plasmon modes at higher energies than for the boundary excitation. The simulated spectrum predicts LSPR modes at the center of the nanodisk in the 4-8 eV range, which we have labeled CP1, CP2 and CP3. Four Gaussian peaks were fit to the experimental spectrum in figure 2c , and the relative positions of these four peaks were found to compare well with the simulated spectrum; however, just as was observed for figure 2a both CP1 and CP2 peaks were blue-shifted by 0.3-0.4 eV. The fitted peak representing CP3 was observed at the same energy to that simulated (7.2 eV). drawn between experimental and simulated data. SP spectra were measured at the perimeter of nanodisks where the perimeter is defined as the point at which the intensity of the VP peak drops to zero. The error in diameter is ± 0.5 nm, and the error in energy is no more than ± 0.6 eV for all data points. The dashed lines are included as guides to the eye for the simulation results.
The results presented in figure 3 show the successful use of nanopatterning to control the energy, intensity, and lifetime of VPs in aluminum. The results suggest that nanopatterning will allow control of the VP energy with meV precision and attosecond control of the VP lifetime. Figure   13 3a shows a small increase of ~ 100 meV in VP energy when decreasing the nanodisk diameter. Figure 3b shows a significant decrease in VP intensity with decreasing nanodisk diameter. The VP intensity was observed to scale linearly with decreasing nanodisk diameter as shown by the linear fit applied to the data in figure 3b . Extrapolation of this linear function to smaller diameters suggests that the VP intensity should drop to zero for a nanodisk with a diameter of 1.6 nm ± 0.6 nm. Figure 3c shows that there is a significant increase in the FWHM of the VP peak with decreasing nanodisk diameter. We modeled the relationship between the FWHM of the VP peak and the nanodisk diameter using the formula given in equation 1, which is based on an effective mean free path (L eff ) for the VP.
Here, L eff is related to the nanodisk dimension by the expression L eff = 4(Volume)/(Surface Area), FWHM (R) is the width of the VP peak for a nanodisk and FWHM (∞) is the width of the VP peak for a bulk sample. 62 We obtained effective mean free paths from 1.8 nm to 9.2 nm for nanodisks with diameters from 2 nm to 14 nm and heights of 12 nm. This formula originated from a proposed dielectric constant for sub-10-nm structures, which has been verified for plasmonic metallic clusters. 62, 63, 33 The model is in good agreement with the data. Finally, Figure 3d shows a plot of the calculated VP relaxation time as a function of the diameter of the metallic Al core of the nanodisks. The relaxation time ( ) was calculated using the expression = ℏ ! . 64 We note that the slope of a linear fit to the data was measured to be 18 as/nm. Assuming that the calculated relaxation time is valid and considering the 2 nm feature-size control achieved in this 14 study (standard deviation of nanodisk diameter for a given dose is 2 nm), we are able to tune the VP relaxation time with an accuracy of 36 as. These results suggest that attosecond pulses of radiation will be required to probe collective electron excitations represented by volume plasmons. Moreover, as Batson showed previously 33 the DC conductivity can be estimated from measurement of the VP relaxation. Consequently, precise control of the VP lifetime may allow precise control of the DC conductivity locally on the nanoscale, which will have applications in areas such as metallic-interconnects design at sub-10-nm dimensions. Consequently, the VP intensity is expected to reach a maximum at an impact parameter of b max from the boundary toward the nanodisk center. Figure 4e shows that the VP intensity increases with distance from the boundary, but in this case does not saturate, as the nanodisk radius is less than b max . Figure 4e also shows that there is a commensurate increase in SP intensity and decrease in VP intensity as the beam approaches the boundary. This relationship between SP and VP intensities near the boundary is due to a conservation of oscillator degrees of freedom at the boundary, which dictates that the sum of oscillator strengths for all plasmons (SP and VP) is constant. 65 Figure 4f shows that the peak energies of both the SP and VP peaks blue shift approaching the boundary. The nonlocal hydrodynamic model used to explain the increase in VP energy with decreasing nanodisk diameter, as shown in figure 3a, may also be used to predict an increase in VP and SP energy near the boundary. 58 Figure 4g shows that the VP energy and lifetime (~ 1/FWHM) are altered near the boundary of the nanodisks. The change in VP energy and lifetime at the boundary matches qualitatively with the diameter-dependence observed in figure 3 . The VP energy and FWHM increase with decreasing nanodisk diameter, and likewise the VP energy and FWHM increase at the boundary. The boundary effect dominates at reduced nanodisk diameters where the boundary regions make up a larger fraction of the nanodisk and as such it is likely to contribute to the observed diameter dependence in the VP energy and FWHM. Figure 4h shows that the Al SP intensity peaks at the Al-AlO y interface as might be expected.
The figure also shows that the AlO y layer on the sidewall of the nanodisk is slightly thicker on the right hand side of the nanodisk. The slight increase in oxide thickness manifests itself as a slight increase in surface plasmon damping, resulting in a reduced SP intensity on the right hand side of the nanodisk. 28 The correlation between reduced oxide thickness and increased local SP intensity has been observed on several nanodisks (see figure S7 ) and suggests that variation in oxide thickness across individual nanostructures will significantly affect the intensity of the LSPR. There also appears to be a slight increase in the Al VP intensity across the core of the nanodisk, which suggests that the Al disk may not be uniformly thick across its width and might explain the asymmetric Al VP intensity across the core of the nanodisk. Recent works have begun to investigate the spatial distribution of plasmonic excitations in three dimensions using tomographic methods and these works represent an important step toward a complete understanding of plasmonic systems at close to the atomic scale. 57, 66 Further discussion of the role of thickness variation and surface roughness on VP intensity in our work, including analysis of HAADF-STEM images is included in section 6 of the supporting information (see figures S10, S16 and S17). In this work, we have accurately measured and modeled the behavior of LSPRs and VPs in Al nanodisks ranging from 3-120 nm in diameter. Our study has shown that the VP energy and FWHM increase both at the boundary of Al nanodisks and with decreasing nanodisk diameter.
We have explained this behavior of VP energy and FWHM with models based on low-order VP standing waves and dimensional scaling of the VP mean free path respectively, and we have provided a qualitative explanation based on the boundary effect. However, a universal model that 20 fully explains our system is still lacking. We have observed that the behavior of VPs at the sub-10 nm scale can be explained by the increased contribution of the boundary at these length scales and that a model based on the nonlocal material response and the formation of low-order VP standing waves is in agreement with our measurements. The evidence provided here will help to direct future studies of electron interactions with matter on the nanoscale. For example, given the role of VPs in determining the resolution of electron-beam lithography (EBL), 49 one potential application of this work would be in the synthesis of nanostructured EBL resists that achieve higher resolution by suppressing VP excitation. 67, 68 Moreover, the correlation between the VP relaxation time and the DC conductivity suggests that the methods used to measure and control the VP relaxation time here, may also be used to probe and control the DC conductivity on the nanometer level. Additionally, as the plasmon excitations studied and controlled here ranged from 2-15 eV in energy, these results will support the development of plasmon-enhanced processes, metamaterials and metasurfaces operational from the UV to the VUV. We observed LSPRs ranging in energy from 2-10 eV, and we have assigned those LSPRs to a variety of multipolar and breathing modes. These LSPRs may be used to channel light into nanoscale volumes and enhance photochemical processes across this energy range. Optical excitation of VPs under certain confined dimensions has also been demonstrated previously. 69 Therefore, engineering VPs may extend the tailoring of light-matter interactions to even higher energies.
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